؉ -cytotoxic-T-lymphocyte (CTL) response to Epstein-Barr virus (EBV) latent cycle antigens focuses on a small number of immunodominant epitopes often presented by just one of the available HLA class I alleles; for example, HLA-A11-positive Caucasians frequently respond to two immunodominant HLA A11 epitopes, IVTDFSVIK (IVT) and AVFDRKSDAK (AVF), within the nuclear antigen EBNA3B. Here, we reexamine the spectrum of EBV strains present in the highly HLA-A11-positive Chinese population for sequence changes in these epitopes relative to the Caucasian type 1 prototype strain B95.8. The IVT epitope was altered in 61 of 64 Chinese type 1 viruses, with four different sequence variants being observed, and the AVF epitope was altered in 46 cases with six different sequence variants; by contrast, all 10 Chinese type 2 viruses retained the prototype 2 epitope sequences. All but one of the type 1 epitope variants were poorly recognized by IVT-or AVF-specific CTLs in pulse-chase assays of peptide-mediated target cell lysis. More importantly, we screened HLA-A11-positive Chinese donors carrying viruses with known epitope mutations for evidence of epitope-specific CTL memory by enzyme-linked immunospot assays: none of the type 1 variants tested, nor the type 2 prototype, appeared to be immunogenic in vivo. The data remain consistent with the possibility that, during virus-host coevolution, pressure from the host CTL-mediated immune response has given A11 epitopeloss viruses a selective advantage.
The principal role of the major histocompatibility complex (MHC) class I-restricted CD8
ϩ -cytotoxic-T-lymphocyte (CTL) response is to control infection by intracellular pathogens, in particular viruses. This reflects the ability of such CTLs to recognize antigenic peptides, derived from the intracellular breakdown of endogenously expressed viral proteins and presented on the surface of infected cells as a complex with MHC class I molecules (25) . For any one type of virus in the context of one MHC class I allele, the number of viral peptides that are presented at the surface and induce detectable responses is surprisingly small. Thus, the host CTL response even to viruses with a relatively large coding capacity is often focused on two or three immunodominant epitopes presented in the context of one or more MHC alleles (28) . Consequently, for viruses which establish chronic infections and which have error-prone replication mechanisms, viral progeny carrying mutations in immunodominant epitopes may enjoy a selective advantage in the host. In humans, this is best illustrated by the evolution of CTL escape mutants of human immunodeficiency virus in infected individuals progressing to AIDS (9, 22) .
The situation is quite different for agents such as herpesviruses which, in contrast to the above, are genetically stable and persist in the immune host by suppressing viral antigen expression rather than by quasispeciation. Such viruses have coevolved with their host species over thousands if not millions of years (18, 19) , and one does not know to what extent CTLmediated immune pressure has played a role in shaping such long-term virus evolution. Opportunities to address this question have to rely upon the study of contemporary virus strains and are only likely to be informative where special circumstances prevail, for instance, where particular MHC class I alleles are unusually frequent in the host population and where those alleles are known to be capable of eliciting strong CTL responses against defined viral epitopes.
Some years ago we and our collaborators fortuitously came upon just such circumstances in the course of studying CTL responses to Epstein-Barr virus (EBV), a herpesvirus widely distributed in human populations. We first identified two unusually strong HLA-A11-restricted epitopes within the Epstein-Barr nuclear antigen EBNA3B as encoded by the type 1 Caucasian prototype strain B95.8; these were the immunodominant IVTDFSVIK epitope (EBNA3B codons 416 to 424, called IVT) and the next most dominant AVFDRKSDAK epitope (EBNA3B codons 399 to 408, called AVF) (7, 8) . Interestingly, these sequences were often mutated in EBV strains prevalent in the populations of lowland Papua New Guinea (6) and southern China (7) , both areas where more than 50% individuals carry the HLA A11 allele (15) . Furthermore, when the IVT mutations were examined, the corresponding peptide showed reduced affinity for the HLA A11 peptide binding groove as a result of amino acid changes in the primary anchor positions, 2 and 9, where amino acid side chains interact with binding pockets in the groove (16, 29) . Also EBV-transformed B-lymphoblastoid-cell lines (LCLs) carrying virus strains with these mutations were less efficiently recognized by CTLs specific for the wild-type (i.e., B95.8 sequence) IVT epitope (6, 7, 16) . Preliminary evidence suggested that the AVF mutants were also poorly recognized by wild-type AVF effectors (7) , although this was not investigated in detail. This was interesting in that EBV's ability to infect and subsequently persist within a naive individual appears to depend on colonization of the B-cell system via a latent growth-transforming infection in which all the EBV latent proteins, including EBNA3B, are expressed (23) . This growth-transforming infection elicits a strong primary CTL response (4, 26) , and it was suggested that, at the point of horizontal transmission, viruses carrying IVT/ AVF epitope mutations might have had a selective advantage in these highly HLA-A11-positive populations. This suggestion engendered considerable debate (10) and prompted a number of further studies (3, 11, 13) that called into question the significance of the changes observed.
In this and in an accompanying report (20) , we readdress some of the key issues through a more detailed study of EBV strains prevalent in the southern Chinese population. In this paper, we describe a more comprehensive analysis of the IVT and AVF epitope variants prevalent in this population (versus those seen in Caucasian and African populations with lower HLA A11 prevalence) and then we examine both extended sets of variants, first for their antigenicity with respect to recognition by wild-type epitope-specific CTLs and second for their immunogenicity in the context of natural EBV infection in vivo.
MATERIALS AND METHODS
Virus strains and epitope sequencing. Sequence analysis was carried out on 74 EBV strains from Chinese donors in Hong Kong and Canton, China. These included 31 virus isolates established by spontaneous LCL outgrowth from peripheral blood mononuclear cell (PBMC) cultures (from 17 healthy donors and 14 nasopharyngeal carcinoma [NPC] patients as recently described [21] ) and 43 strains that were directly amplifiable from EBV DNA in the PBMCs of a different set of healthy donors. For comparison, we also analyzed 28 spontaneous LCL isolates from African donors (23 healthy donors and 5 Burkitt's lymphoma patients, all from Uganda) and 56 EBV strains from healthy Caucasian donors in the United Kingdom (36 spontaneous LCL isolates and 20 directly amplified from PBMCs).
All strains were analyzed alongside the B95.8 (Caucasian, prototype 1) and Ag876 (African, prototype 2) reference isolates and were initially characterized as type 1 or type 2 based on PCR amplification across type-specific sequences within EBNA2 and EBNA3C (24) . To determine the IVT and AVF epitope sequences in the above-described strains, DNA was prepared from LCL pellets or from at least 2 ϫ 10 7 PBMCs by standard methods. For LCL-derived DNA, the relevant region of the EBNA3B gene was amplified by PCR with the primers E3B8 (5Ј-CGCCAGTGCACCGGGAGACCC-3Ј, B95.8 coordinates 96331 to 96351) and E3B9 (5Ј-CAAAGGTTGCCATGGCTCCAG-3Ј, B95.8 coordinates 96873 to 96853). In the cases of PBMC-derived DNA, where the much lower EBV genome loads require more rounds of amplification (2), the relevant sequences were amplified by a nested PCR with the following primers: round 1, E3B8.2 (5Ј-AAGAAGGACCACACTCATATACG-3Ј, B95.8 coordinates 96298 to 96320) and E3B9.2 (5Ј-TTTTCAAGAAGGTCTAGCAT-3Ј, B95.8 coordinates 96962 to 96943); round 2, E3B8 and E3B9. All amplifications were performed under the following conditions: 40 cycles of 94°C for 30 s, 45°C for 90 s, and 72°C for 120 s. The PCR products were gel purified with a QIAquick gel extraction kit (Qiagen, Crawley, West Sussex, United Kingdom) and then directly sequenced with a BigDye, version 3.0, PCR sequencing kit (Applied Biosystems, Warrington, United Kingdom) with the E3B9 primer.
Cytotoxicity assays of epitope antigenicity. Cytotoxicity assays of epitope antigenicity used effector CTL clones derived from HLA-A11-positive Caucasian donors CM and IM105 (both infected with virus strains encoding B95.8-like IVT and AVF epitopes) by in vitro stimulation of their PBMCs with the autologous B95.8 virus-transformed LCL; several IVT-specific and AVF-specific clones from each donor were tested. The target cells used for peptide loading were from an HLA-A11-positive Ag876 virus-transformed LCL already shown not to be recognized by the above-described clones. Standard cytotoxicity (chromium release) assays were conducted for 5 h at an effector-to-target cell ratio of 1:1. In a first series of experiments, targets were pretreated for 1 h with a range of concentrations (10 Ϫ6 to 10 Ϫ14 M) of the wild-type IVT or AVF peptides, of individual IVT or AVF variant peptides, or of the type 2 IVT or AVF peptides. Cytotoxicity assays were then conducted in the continued presence of the peptide at the same concentration. In a second series of experiments, targets were pretreated for 1 h with one of the same set of IVT and AVF peptides or their sequence variants either at the minimum concentration required to give maximum lysis in the previous set of assays or, in the case of peptides not recognized by the abovedescribed assay, at 10 Ϫ6 M. The cells were then washed well and incubated at 37°C in peptide-free medium for periods of up to 8 h before being used as targets in a standard cytotoxicity assay.
Elispot assays of epitope immunogenicity. Healthy EBV antibody-positive Chinese donors were screened for A11 epitope responses without prior knowledge of their HLA A11 status or of the epitope sequences in their resident EBV strain. Parallel assays were conducted on healthy EBV antibody-positive Caucasian donors already known to be HLA A11 positive but without prior knowledge of their resident EBV strain. Cryopreserved PBMCs from the above-described donors were resuscitated and used as effectors in standard enzyme-linked immunospot (Elispot) assays of gamma interferon release (12, 27) . Cells were seeded in replicate wells at 4 ϫ 10 5 , 2 ϫ 10 5 , and 10 5 cells/well with peptide at a 2 ϫ 10 Ϫ6 M concentration. Each donor's PBMCs were tested against the wild-type IVT and AVF peptides, the individual IVT and AVF peptide variants, and the type 2 IVT and AVF peptides; in addition, these experiments included the EBV latent membrane protein LMP2-derived peptide SSCSSCPLSK, a subdominant HLA-A11-restricted epitope whose sequence is known to be conserved between Caucasian and Chinese virus strains (14) . Gamma interferon-producing cells were counted after development of the Elispot assay, and results were expressed as the number of spot-forming cells per 10 6 PBMCs.
RESULTS
A11 epitope variation in Chinese virus strains. In total, 74 EBV strains of Chinese (Hong Kong or Canton) donor origin were analyzed, either as spontaneous LCL isolates from healthy donors and NPC patients or as sequences directly amplifiable from healthy donor PBMCs. On the basis of standard type-specific amplification assays at defined EBNA2 and EBNA3C gene loci, 64 of these strains were classified as uniformly type 1, 7 strains were classified as uniformly type 2, and 3 strains were classified as intertypic recombinants with type 1 EBNA2 and type 2 EBNA3C sequences (reference 21 and data not shown). The same viruses were then sequenced around the IVT/AVF epitope region in EBNA3B, giving sequences that were either type 1-like or type 2-like in accord with the original virus typing results. Note that all three intertypic recombinants carried type 2 sequences at the EBNA3B and 3C loci (21) and so, for the purpose of the present paper, are grouped with the other type 2 isolates. Within the epitopes themselves, we observed a number of coding changes, and these are shown in Table 1 relative to the type 1 B95.8 and the type 2 Ag876 prototype sequences.
Among type 1 Chinese virus strains, we observed four different patterns of nucleotide change in the IVT epitope-coding sequence, all causing amino acid substitutions in the 9-mer epitope. These involved a V3L change at residue 2 (IVT/L2), an F3L change at residue 5 (IVT/L5), and a K3N change or a K3T change at residue 9 (IVT/N9, IVT/T9); the IVT/L5 variant has not been described before. Note that Table 1 also includes the IVT/R9 variant sequence observed in a rare Chinese isolate in earlier work (7) . At the AVF epitope, six different sequence variants were identified among type 1 strains, and again, all led to amino acid changes. These involved an A3P change at position 1 (AVF/P1), a V3A change at position 2 (AVF/A2), a D3N change at position 4 (AVF/N4), and three different double substitutions at residues 1 and 2 (AVF/ S1F2, P1L2, and S1L2); of these, the AVF/A2 and AVF/N4 variants have not been described before. Interestingly, the 10 type 2 viruses within the panel of Chinese strains exactly followed the prototype Ag876 sequence at both epitopes; these type 2 versions of the IVT and AVF peptides have two and four signature changes, respectively, relative to B95.8, none of which involve the primary anchor positions 2 and 9/10 for HLA A11 binding. Table 2 shows the particular combinations of IVT and AVF epitope sequences and the numbers of EBV strains with these combinations. The three most common combinations among type 1 Chinese strains were AVF wild type plus IVT/L2, AVF/N4 plus IVT/N9, and AVF/S1F2 plus IVT/L2. One of these common combinations (involving the AVF/N4 variant) and two other rarer combinations, AVF/A2 plus IVT/L5 and AVF/S1F2 plus IVT/N9, have not been observed before. Note that the panel of 64 type 1 virus strains included three with a prototype B95.8 sequence at both epitopes; these strains (all from Hong Kong donors) were also identical to B95.8 at several other EBV latent gene loci (reference 20 and data not shown) and almost certainly represent the introduction of Caucasian strains as a result of the recent European colonization of Hong Kong. Otherwise there were no significant differences between the range of variants seen in Hong Kong versus Canton, nor between strains from healthy donors versus NPC patients, nor between spontaneous LCL isolates versus sequences amplified from PBMCs, except that strains with wild-type AVF sequences were relatively underrepresented in the spontaneous LCL panel (20, 21) .
We then extended the IVT and AVF epitope sequencing to include 56 EBV strains (51 type 1, 5 type 2) from healthy Caucasian donors, since earlier reports, based on small numbers of isolates, had given conflicting results in this context (3, 7) . As shown in Table 2 , a majority of type 1 Caucasian viruses (28 of 51) had the prototype B95.8 sequence at both epitopes. However, a significant minority were variant at IVT; of the four different variant sequences observed, two (IVT/L2 and IVT/N9) had been seen among the present Chinese strains, one (IVT/R9) had been reported in an earlier study of Chinese viruses (7) and one (IVT/L2R9) was novel. Many of the Caucasian strains with a variant IVT also carried a particular AVF variant sequence, AVF/S1L2; this was the only AVF variant seen in Caucasian viruses and was again represented, albeit rarely, in the present Chinese virus panel. By contrast, sequencing of 23 type 1 African isolates showed that every one followed the B95.8 prototype at both IVT and AVF loci. It was also noticeable that all type 2 virus strains within the Caucasian and African panels exactly followed the Ag876 prototype sequence across both epitopes, just as had the type 2 Chinese strains. Antigenicity of A11 epitope variants. Given that the above work had identified new sequence variants of both the IVT and AVF epitopes and that earlier studies of epitope antigenicity had largely focused on the then-known IVT variants (3, 6, 7, 16) , we elected to screen both sets of variants for recognition by CTLs generated from Caucasian donors carrying type 1 viruses with wild-type (i.e., B95.8-like) IVT and AVF sequences. In each case we conducted two types of CTL assay, one in which target cells were exposed to a range of concentrations of the relevant synthetic peptide just before and during the 5-h assay itself and one in which target cells were preexposed to the relevant peptide at the minimum concentration eliciting maximal lysis in that first type of assay and then washed free of extraneous peptide and set up as targets in a 5-h assay either immediately or after a chase period of up to 8 h in normal medium. Figure 1A shows the results obtained using two wild-type IVT-specific CTL clones tested against peptides representing the wild-type IVT sequence, the different IVT variants seen in type 1 viruses, and the prototype 2 sequence. A consistent pattern of results was seen with these and with other such clones. The wild-type, IVT/L2, and IVT/R9 peptides showed similar levels of maximal lysis and similar titration curves, with target cell lysis still detectable at 10 Ϫ10 M peptide concentrations. The IVT/N9 and IVT/T9 peptides gave intermediate levels of lysis, but only at concentrations of 10 Ϫ7 M or above, while the novel IVT/L5 epitope and type 2 IVT sequences were essentially never recognized. Figure 1B shows the corresponding data obtained from the same CTL clones when tested on pulse-chased targets. While there was killing of the wild-type, IVT/L2, IVT/R9, and, to some extent, IVT/N9 peptide-loaded targets following a 1-h chase, only the targets bearing the wild-type peptide were killed significantly once the chase had been extended to 3 h; indeed, recognition of the wild-type peptide was still observed for up to 8 h (data not shown). This confirms observations made earlier that even those IVT variants which allowed efficient CTL recognition when present during the assay are much less efficient in pulse-chase assays, reflecting the lower stability of the complexes they form with HLA A11 (16) . Figure 2 presents parallel data from experiments with two wild-type AVF-specific CTL clones, again representative of data seen with several clones of this kind. In the continuous presence of peptide, the novel AVF/A2 variant was equivalent to the wild-type sequence in its maximal lysis and titration curve while the AVF/P1, AVF/S1F2, AVF/S1L2, and novel AVF/N4 variant peptides mediated lower levels of maximum lysis, and upon titration, recognition was lost at a 10-foldhigher concentration. By comparison, the AVF/P1L2 was even less antigenic and the type 2 sequence was again not recognized ( Fig. 2A) . The corresponding pulse-chase assays indicate that the AVF/A2 variant formed A11 complexes which were as stable as the wild-type sequence, still mediating half the maximal lysis after 8 h, whereas lysis of targets preloaded with the other variants fell significantly within a 2-h chase and was undetectable after 8 h (Fig. 2B) . Immunogenicity of A11 epitope variants. The availability of Elispot assays of peptide-induced gamma interferon release now allows the PBMCs of EBV-infected individuals to be screened for epitope-specific T cells in a way which is quicker and more accurate than assays based on the stimulation of limiting-dilution PBMC cultures and the screening of in vitroexpanded clones for cytotoxic activity (27) . We therefore used this approach to investigate whether healthy Chinese donors, positive for the HLA A11 allele and carrying an endogenous EBV strain with known IVT and AVF epitope sequences, show evidence of a response to those sequences. Table 3 (upper section) summarizes the results obtained from 28 healthy EBV-infected Chinese donors who were tested by Elispot assays and who also proved to be HLA-A11-positive by retrospective HLA typing. In the majority of these donors, we were able to identify the IVT and AVF epitope sequences of their resident EBV strains by PCR amplification of viral DNA from PBMC preparations (these sequences contributed to the data already shown in Table 2 ). All donors were screened for reactivity against the full range of seven IVT peptides (wild type, five variants, and the type 2 sequence) and eight AVF peptides (wild type, six variants, and the type 2 sequence). Included in the same assay was a third epitope sequence, SSC, which elicits a weak A11-restricted response in some individuals. This is derived from the EBV latent membrane protein LMP2, and its sequence is conserved in all Chinese virus strains analyzed to date (14) . Table 3 records those instances where a positive Elispot was obtained against any of the screened peptides.
None of the 28 donors gave a response to the IVT series of peptides. These nonresponders include 13 individuals known to be carrying an IVT/L2 variant virus, 5 individuals carrying an IVT/N9 variant, 2 individuals carrying an IVT/T9 variant, 1 individual carrying an IVT/L5 variant, and 3 individuals carrying a type 2 virus strain. This strongly suggests that, at least, the IVT/L2 and IVT/N9 sequence variants are nonimmunogenic in vivo. The absence of a response to the IVT/T9, IVT/L5, and type 2 epitopes is again consistent with their nonimmunogenicity, but the numbers of individuals tested were small. However, it is interesting that one individual in each of these groups (C13, C45, and C53) lacked IVT reactivity but did make a detectable response to the subdominant SSC epitope.
Turning to assays with the AVF series of peptides, all eight HLA-A11-positive donors who carried a virus with a wild-type AVF sequence showed evidence of reactivity against AVF and also against the AVF/A2, AVF/N4, and (in two cases) AVF/P1 peptides. By contrast, four donors carrying the AVF/N4 sequence and four donors carrying the AVF/S1F2 sequence showed no detectable reactivity against their resident epitopes or against wild-type AVF. Furthermore, we detected no response in smaller numbers of individuals carrying AVF/P1L2, FIG. 2. Recognition of wild-type (wt) and variant AVF peptides in cytotoxicity assays by CTL clones CM c4 and IM105 c5 raised against the wild-type 1 (B95.8-like) AVF epitope sequence. Target cells were an HLA-A11-positive LCL transformed with the prototype 2 Ag876 virus strain and loaded with the different AVF peptides as shown. wt 1 , Caucasian B95.8 prototype 1 epitope sequence; wt 2 , African Ag876 prototype 2 sequence. Peptide titration assays (A) and peptide pulse-chase assays (B) were conducted as described in the legend to Fig. 1 . Results are expressed as percentages of specific lysis seen at an effector-to-target cell ratio of 1:1.
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on October 23, 2017 by guest http://jvi.asm.org/ AVF/S1L2, AVF/A2, or type 2 AVF sequences. Again, several of these nonresponders to AVF peptides did show evidence of a response to the SSC epitope. Note that these assays also included another 17 Chinese donors (with a similar range and distribution of IVT and AVF variants to the above) who proved to be HLA A11 negative by retrospective HLA typing; none of these gave any reactivity to any of the IVT series, the AVF series, or to the SSC peptide (data not shown). Table 4 (upper section) presents the detailed counts from the Elispot assays described above, expressed as spot-forming cells per 10 6 PBMCs. These data derive from the 14 of 28 HLA-A11-positive Chinese donors whose test results are shown in Table 3 , i.e., those whose resident EBV strain had been sequenced across the IVT and AVF epitope regions and who gave a response to one or more of the epitope peptides.
The counts show that individuals infected with a wild-type AVF strain (C27 to C58) possess memory CTLs which, under the conditions of the Elispot assay, often recognize the AVF/A2 and AVF/N4 variants just as well as the wild-type AVF sequence; cross-recognition of the AVF/P1 variant was weaker and only detectable when absolute responses to the wild-type peptide were unusually high. Where SSC reactivity was observed, this tended to involve individuals who lacked a detectable response to AVF and the levels of SSC response were generally low.
For comparison, Tables 3 and 4 (lower sections) show corresponding data from HLA-A11-positive Caucasian donors; 10 such individuals, all EBV antibody positive, were screened for A11 epitope responses and their resident EBV strains were sequenced across the IVT and AVF epitopes. Eight donors (Cau 1 to 8) carried a type 1 virus strain, and all eight donors showed an IVT and/or AVF response, whereas two (Cau 9 and 10, shown in Table 3 only) carried a type 2 strain and failed to make a response to either epitope. This latter result confirms the nonimmunogenicity of the type 2 epitope sequences. Of the eight type 1 virus-infected Caucasians, five (Cau 1 to 5) carried a wild-type IVT sequence and gave a response which, in the Elispot assay, was cross-reactive against the IVT/L2, IVT/R9, and, to some extent, IVT/N9 variants. However, the other three individuals (Cau 6 to 8) carried IVT/L2 or IVT/N9 sequences and never mounted a detectable response, confirming these variants as nonimmunogenic. Seven of the type 1 virus-infected Caucasians (Cau 1 to 7) carried a wild-type AVF sequence, and all but one mounted an AVF-specific response that showed either a similar pattern of cross-reactivity against AVF variants as seen with Chinese donors or a broader pattern that included AVF/P1, AVF/S1L2, and AVF/S1F2. Only one HLA-A11-positive donor (Cau 8) was identified carrying an EBV strain with the typically Caucasian AVF/S1L2 variant sequence. Interestingly, this donor did mount an epitope-specific response that in the Elispot assay showed stronger reactivity against the wild-type AVF peptide than against AVF/ S1L2 itself. It is conceivable that this donor was coinfected with a wild-type AVF-coding virus strain, but the presence of such a virus could never be detected by PCR amplification from this donor's throat washings or PBMCs (data not shown).
DISCUSSION
The present work set out to provide a more coherent body of evidence regarding A11 epitope polymorphism among EBV strains and the immunological implications of such polymorphism. Using a much larger panel of viruses than that studied earlier (7), this work first confirms that, among type 1 EBV strains in the Chinese population, where 55% of individuals are HLA-A11-positive, the IVT epitope is almost always different from the B95.8 prototype sequence and the AVF epitope is different in around 75% of cases. We identified four patterns of IVT sequence variation and six patterns of AVF variation among the 64 type 1 viruses analyzed. This level of variety speaks against a significant influence of founder effects in determining contemporary levels of IVT and AVF polymorphism among Chinese strains. It is interesting to contrast this with the situation in Papua New Guinea, where a single combination of epitope changes, IVT/T9 and AVF/S1L2, has been seen in 26 of 27 type 1 virus strains drawn both from highly HLA-A11-positive lowland populations and from highland populations, where HLA A11 incidence is very low (3, 6, 7) . Founder effects may have been more important in this context, particularly since both lowland and highland Papua New Guinea strains also share a number of markers at other EBNA3A, 3B, 3C loci that distance them as a group from Chinese, African, and Caucasian isolates (11) .
We also sought to determine the IVT and AVF epitope status of EBV strains in the sub-Saharan African population (which completely lack the HLA A11 allele) and in the Caucasian population (where around 11% individuals are HLA A11 positive), since published data were very limited on this point (3, 7) . We found that all African type 1 viruses followed the prototype B95.8 sequence at both epitopes, as did the majority of Caucasian type 1 strains. However, this wild-type pattern is not as dominant in Caucasians as first suggested (7). At least four IVT variants exist among Caucasian strains, and most of these are found in linkage with a single AVF variant; thus, there is a degree of epitope variation even in a population where A11 allele frequency is relatively low. Almost all of the Caucasian variant sequences have been observed in Chinese EBV strains, but the combinations of IVT and AVF sequences seen in Caucasian strains are often unique ( Table 2 ). The existence of such sequence variants was already known (3), but the frequency of such variants in the Caucasian population is not as high as suggested in that earlier report. In both Chinese and Caucasian type 1 viruses, all nucleotide changes in the epitope regions alter the amino acid sequence, very frequently at key anchor residues for HLA A11 binding. By contrast, Chinese, African, and Caucasian type 2 viruses all appear to retain the prototype Ag876 sequence at both the IVT and AVF loci. This suggests that, if immune pressure is selecting for epitope diversification in type 1 viruses, then the corresponding type 2 sequences do not elicit an equivalent pressure. Our next objective was to examine the antigenicity of the type 1 IVT and AVF variants in CTL detection assays with T-cell clones raised from Caucasian donors against the B95.8 strain wild-type epitopes. In the first type of assay, wild-type and variant peptides were tested across a wide range of concentrations for their ability to mediate target cell lysis, with the peptides being present throughout the assay period. This revealed efficiencies of cross recognition ranging from zero (for the type 2 IVT and AVF peptides and for the novel IVT/L5 variant) through intermediate (for several of the IVT and AVF variants including the novel AVF/N4 sequence) to equality with the wild-type peptide (for the IVT/L2, IVT/R9, and novel AVF/A2 variants). Others have already studied the recognition of IVT variants in peptide titration assays with broadly similar results (3, 16) ; the differences in detail probably reflect the different fine specificities of the individual IVT-specific CTL clones used (5) . It is apparent, however, that assays conducted in the continued presence of peptide can reveal cross-recognition even when the variant peptides have low inherent affinity for the HLA restricting allele, provided that the main T-cell receptor contact residues are conserved (2, 16) . We therefore turned to a second assay involving peptide pulsing of targets followed by increasingly longer chase times in peptide-free medium. This allows one to follow the stability of antigenic complexes over time, a potentially important parameter given the correlation often reported between stability of an MHCepitope complex and epitope strength (1, 17) . These experiments showed that recognition of all of the IVT variants (including IVT/L2 and IVT/R9) and of all but one of the AVF variants (the exception being AVF/A2) was lost more rapidly than that of the wild-type peptide. These results extend the earlier work of Levitsky et al. (16) with IVT variants in pulsechase assays and show for the first time that most AVF variants follow a similar trend.
It is important, however, that nonrecognition in vitro by CTLs primed against wild-type IVT and AVF epitopes does not necessarily mean that these variant epitopes are nonimmunogenic in vivo when expressed in the context of a natural virus infection. For instance, the novel IVT/L5 peptide retains the key anchor residues at positions 2 and 9 for efficient HLA A11 binding (29) and its nonrecognition by wild-type IVT effectors may simply reflect the importance of position 5 as a T-cell receptor contact residue. A similar argument can also be advanced for the novel AVF/N4 variant as well as for the type 2 versions of both IVT and AVF, neither of which were recognized at all by type 1 epitope-specific effectors in the previous assays. The issue of in vivo immunogenicity has barely been studied in earlier work. The only evidence comes from experiments in which PBMCs from three Chinese donors (each carrying a defined combination of IVT and AVF epitopes) were stimulated in vitro with autologous LCL cells carrying the endogenous EBV strain; no epitope-specific responses were detected in the resultant in vitro-expanded T-cell lines (7) . However, this is now known to be a much less sensitive screen for EBV antigen-or epitope-specific reactivities than are Elispot assays of peptide-induced gamma interferon release (27) .
We therefore studied Chinese donors in Elispot assays with the full panel of wild-type and variant peptides and used PCR amplification on aliquots of the same PBMCs to determine both the donor's HLA type and the IVT and AVF sequences of the resident EBV strain. The results provide the first clear indication that the variant IVT and AVF epitope sequences identified in Chinese virus strains are indeed nonimmunogenic in vivo. Thus, the most common IVT variant, IVT/L2, which was very well recognized by wild-type epitope-specific effectors in peptide sensitization assays, was encoded by the resident EBV strain in 13 HLA-A11-positive Chinese donors studied in Elispot assays, yet none of these donors had detectable IVT/ L2-specific memory. In addition, five HLA-A11-positive individuals infected by EBV strains encoding another common variant, IVT/N9, and three individuals carrying type 2 EBV also showed no evidence of a response. By contrast, all five Caucasian donors carrying an EBV strain with a wild-type IVT sequence displayed strong epitope-specific memory. Interestingly, these cells showed cross-reactivity against the IVT/L2, IVT/R9, and IVT/N9 variant peptides under the high peptide concentration conditions employed in the Elispot assay. Once again, however, Caucasians carrying such variant type 1 or wild-type 2 IVT sequences did not mount a detectable response, supporting the evidence from Chinese donors that these sequences are nonimmunogenic.
Turning to the immunogenicity of AVF variants, none of the 16 Chinese donors tested carrying variant sequences at this locus gave evidence of an epitope-specific response. These included four donors with the novel AVF/N4 sequence and four with the AVF/S1F2 sequence (both peptides that were in the intermediate range of recognition by wild-type AVF-specific CTLs in vitro) as well as three donors with the type 2 sequence. This again strongly suggests that most if not all AVF variants found in Chinese populations are nonimmunogenic, although more donors need to be studied before firm conclusions can be drawn about some of the less common variants. This is particularly the case for the AVF/S1L2 variant, which is rare in Chinese donors but relatively common in Caucasians and where the one relevant Caucasian donor tested (Cau 8) did mount a response, whereas the two available Chinese donors did not. It should be stressed, however, that a significant minority of Chinese donors carry a wild-type AVF sequence, and all eight such individuals tested gave clear evidence of a response, as did six of seven Caucasians in this category. As seen with the IVT response, memory CTLs to the wild-type AVF epitope cross-reacted with some of the peptide variants under the conditions of the Elispot assays, notably with AVF/ A2 and AVF/N4 and, in some cases, with the three other variants (P1, S1L2, and S1F2) that had behaved like AVF/N4 in CTL detection assays.
Viewing HLA A11 epitope responses as a whole, it is interesting that in the 10 individuals (8 Chinese and 2 Caucasian) carrying a wild-type AVF but variant IVT sequence, AVF responses tended to be stronger than those seen in the 5 individuals (all Caucasian) carrying a wild-type sequence at both epitopes (means of 204 and 89 spot-forming cells/10 6 PBMCs, respectively). This suggests that the AVF epitope may elicit slightly stronger responses in the absence of competition from IVT, though never reaching the higher levels of response typically induced by wild-type IVT itself (mean, 423 spot-forming cells/10 6 PBMCs). Similarly, all examples of a detectable SSC response came from Chinese rather than Caucasian donors (despite the fact that this epitope is conserved in Caucasian EBV strains), and all but one of these SSC-responders carried a virus strain that was variant at both AVF and IVT, implying that immunogenicity of the SSC sequence is increased in the absence of competition from the other A11 epitopes. Importantly, however, even in the absence of such competition, SSC responses are almost always low. We infer that SSC is an inherently weak immunogen and, as such, would not be subject to the intensity of pressure for change in HLA-A11-positive populations as would IVT and AVF.
In summary, we have tested a representative panel of HLA-A11-positive Chinese donors carrying defined IVT and AVF variant sequences and found no evidence that any of the four IVT variants or the six AVF variants identified can elicit a detectable response in these individuals. We also provide the first indication, albeit from a small number of donors, that the type 2 versions of IVT and AVF are not immunogenic in vivo. Though far from constituting proof, these findings are consistent with the view that immune pressure from the HLA-A11-restricted CTL response has selected for diversification of the type 1 IVT and AVF epitope sequences among Chinese virus strains, whereas type 2 strains (which all carry conserved prototype sequences) may not have been subject to the same pressure. Such results encouraged us to look further at the possible biological significance of A11 epitope changes with a complementary approach. This is described in the accompanying paper (20) , in which the A11 epitope changes are viewed in the broader context of sequence diversification among Chinese virus strains across the EBNA2, 3A, 3B, and 3C genes.
